This version is available at https://strathprints.strath.ac.uk/44902/ Strathprints is designed to allow users to access the research output of the University of Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights for the papers on this site are retained by the individual authors and/or other copyright owners. Please check the manuscript for details of any other licences that may have been applied. You may not engage in further distribution of the material for any profitmaking activities or any commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the content of this paper for research or private study, educational, or not-for-profit purposes without prior permission or charge.
array, and was powered by a 48V power supply. For exposure, biofilm sample slides were 147 positioned directly below the LED array at a distance of 5 cm. Irradiance from the LED array 148 at this distance was measured using a radiant power meter and photodiode detector (LOT 149 and measurements indicated greatest irradiance at the midpoint of the slide, with a gradual 151 decrease towards the outer edges (Figure 1) In addition to directly exposing biofilms, the potential for 405 nm light to transmit through 160 glass and acrylic slides and inactivate biofilms on the underside of slides was investigated. To 161 do this, it was important to determine the transmissibility of the light through these slides. 162
This was measured by placing the power meter detector head on the underside of the exposed 163 surfaces: transmission of the 405 nm light through these materials was found to result in an 164 approximate 4% loss in irradiance. 165 166 167 Swabbing and Enumeration: Following light exposure, surviving bacteria were recovered 168 from the slide using a sterile cotton-tipped swab moistened in PBS. The swabbing procedure 169 involved rolling the swab forward and backward multiple times across the entire surface of 170 the illuminated side of the slide to ensure maximum recovery of bacterial biofilm sample (1). 171
This protocol was kept consistent for all sample slides. The swab was then immersed in a 172 10 mL volume containing 9 mL PBS and 1 mL 3% Tween-80 suspension and vortexed for 1 173 minute to allow re-suspension of bacteria from swab into suspension. The suspension was 174 the pour plate method, with 1 mL sample volumes overlayed with nutrient agar (E. coli, 176 S. aureus and P. aeruginosa) or tryptone soya agar (L. monocytogenes): this method provided 177 a detection limit of 1 CFU mL -1 . For enumeration of bacteria in a mixed biofilm population, 178 in addition to pour-plating samples in nutrient agar to obtain the total viable counts (TVC), 179 bacterial samples (100µl-500µl) were plated onto mannitol salt agar (MSA) and violet red 180 bile agar (VRBA), which allowed the selective growth of S. aureus and E. coli, respectively. 181
Plates were then incubated at 37°C for 18-24 hours. Monolayer biofilms on acrylic surfaces were reduced by approximately 0.5 log 10 CFU mL The population densities of all non-exposed control biofilm samples, on both glass 240 and acrylic, remained consistent throughout, with no significant differences recorded over the 241 duration of the experiment, indicating that inactivation was a direct result of 405 nm light 242 exposure. It is likely that the reason for no loss of viability in the control populations was due 243 to the relatively short periods involved (up to 1 hour periods) as well as the protective effect 244 of the biofilm structure. Table 1 show that successful bactericidal effects were recorded with all 334 the tested biofilms. Initial exposure for 5 minute, resulted in between 0.6-1.5 log 10 CFU mL -1 335 reductions for S. aureus, L. monocytogenes and P. aeruginosa, whereas at the same time 336 point little change in population was observed for the E. coli biofilms. After 10 minutes 337 exposure, 405-nm light achieved a 2.4-2.5 log 10 CFU mL -1 reduction in bacterial population 338 in both E. coli and P. aeruginosa, compared to 1.1 and 1.9 log 10 CFU mL -1 reductions in L. 339 monocytogenes and S. aureus biofilms, respectively. Overall, the population reductions 340 achieved following 20 minutes exposure were similar between the two Gram-negative 341 bacteria (~3.6 log 10 CFU mL -1 ), with which complete inactivation was achieved, and between 342 the two Gram-positive bacteria (~2.6 log 10 CFU mL -1 ). 343 clinical settings. The current study has investigated, for the first time, the bactericidal effects 374 of 405-nm light on bacterial biofilms, with results demonstrating successful inactivation of 375 biofilms on both glass and acrylic surfaces, and that the bactericidal effect was observed with 376 both monolayer and mature biofilm populations. Overall, results showed that successful 377 inactivation was achieved with all complexities of E. coli biofilms generated on both glass 378 and acrylic, with the general trend demonstrating that the more densely populated the biofilm, 379 the greater the time (and consequently, the greater the dose) required for inactivation. 380
381
As previously discussed, bacterial biofilms can readily form on both glass and plastic 382 surfaces, with production of an extracellular matrix in as little as 4 hours (1,5,30,31,32). 383
Studies have reported stronger initial adhesion between bacteria and hydrophobic surfaces, 384 such as plastics, compared to that of hydrophilic materials, including glass, which may 385 account for initial variations in E. coli monolayer biofilm populations. Experimental data 386 from this study highlighted that after 1 hour, E. coli attachment to acrylic was greater when 387 compared to that on glass surfaces, however statistical analysis showed this to be 388 insignificant (P = 0.098). Slight variation in E. coli monolayer biofilm starting populations, 389 after 4 hours development, (~0.5 log 10 CFU mL (Table 1 and Table 2 ) may have been a direct effect of the increased adherence of the 489
Gram-positive cells causing increased starting populations, and consequently requiring a 490 greater exposure for complete inactivation, compared to the lower populated Gram-negative 491 biofilms. However, recent data published by Murdoch et al (20) showed that even at similar 492 starting populations, Gram-negative Salmonella enterica was inactivated 30% more 493 effectively than Gram-positive L. monocytogenes when exposed to 405 nm light whilst 494 seeded onto plastic surfaces (20) . 495 496 In addition to investigating single species biofilms, initial tests were carried out to assess the 497 antimicrobial activity of 405 nm light against mixed species biofilms. After a 24h growth 498 period, the population of mixed species biofilm was lower than the populations achieved 499 when compared to the single species biofilms of E. coli and S. aureus. Analysis of mixed 500 biofilm populations using VRBA and MSA selective media highlighted that although the 501 total population was ~5 log 10 CFU mL -1 , it was found that the ratio between S. aureus and E. 502 coli was uneven, with S. aureus being the dominant coloniser (data shown in Table 2 ). This is 503 likely a direct result of interactions between the bacterial species and competition for 504 attachment. When these mixed biofilms were exposed to 405 nm light, successful inactivation 505 was achieved, with a 2.2 log 10 reduction in total population demonstrated. Use of selective 506 media also allowed assessment of the specific populations of E. coli and S. aureus within the 507 mixed biofilm. VRBA and MSA were chosen for this purpose as they facilitated the selective 508 isolation of E. coli and S. aureus, respectively, and importantly, these bacteria also act as 509 negative controls when used on the alternative media (46). Results demonstrated that 510 S. aureus was the predominant organism to colonise the biofilm, however, successful 511 inactivation of both bacterial species was achieved, with significant reductions achieved in 512 the case of both species. Microscopic examination of the mixed biofilm ( Figure 5 ) 513 highlighted that biofilm distribution was not linear across the entire surface area, but instead 514 displayed many large cellular communities with individual cells dispersed randomly between. 515
Interestingly it was also noted that attachment of S. aureus was largely present on top of 516 previously colonised E. coli populations, suggesting that E. coli may act as a primary 517 coloniser during biofilm formation, highlighting possible roles of cellular interactions during 518 biofilm formation. 
